Study on the Thermal Stability of Thermosensitive Hydrogel  by Yang, Yi et al.
 Procedia Engineering  135 ( 2016 )  501 – 509 
Available online at www.sciencedirect.com
1877-7058 © 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of ICPFFPE 2015
doi: 10.1016/j.proeng.2016.01.162 
ScienceDirect
Study on the thermal stability of thermosensitive hydrogel 
Yi Yanga, Hua Zhua, Yun-ting Tsaib,*, Lei Baib, Jun Dengb 
aXi’an Fire Detachment, Public Security Fire Corps of Shaanxi province, Xi’an 710065, China 
bCollege of Energy Science & Engineering, Xi’an University of Science and Technology, Xi’an 710054, China 
Abstract 
Thermosensitive hydrogel, a fire extinguishing agent of gelling material, is able to change the volume and phase with alteration of 
temperature. It also has excellent liquidity at low temperature as well as the high viscosity, strong adhesion, and great water retention 
while the phase change to gel at high temperature. In this study, P(N-isopropylacrylamide) (PNIPA), P (N-isopropylacrylamide-co-
sodium acrylate) with linear structure(P(NIPA-co-SA)_L), and P(N-isopropylacrylamide-co-sodium acrylate) with porous 
structure(P(NIPA-co-SA)_P), three types of hydrogels, were analyzed the thermal mass loss and decomposition kinetics by 
thermogravimetry (TG) in N2 atmosphere, determining the characteristics of thermal stability. According to the results, the three types of 
materials possess excellent thermal stability. In addition, because of higher apparent activation energy, P(NIPA-co-SA)_L and P(NIPA-
co-SA)_P performed in the higher thermal stability than PNIPA, causing that the decomposition is difficult at high temperature, 
increasing on the ability of flame retardant. The results will be a theoretical basis for thermosensitive hydrogel as water fire extinguishing 
agent that apply for the fire prevention. 
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1. Introduction 
Water extinguishing agent, such as fine mist, three-phase foam, or hydrogel, is popular to apply for building fire, and 
also is a extinguishing method for coal and forest fire [1,2]. As for, it has been a critical research in fire science of China 
and other countries [3,4,5,6].  
Thermosensitive hydrogels, a kind of hydrogel, undergo volume phase transition at or above the lower critical solution 
temperature (LCST) [7,8], so that it’s of excellent viscosity, turbidity, and thermal sensitivity with temperature. By this 
feature, thermosensitive hydrogels could be used as water-series extinguisher [9].They are aqueous solution at low 
temperatures, while when temperature exceeds LCST in fire, they are gels because volume phase transition leads to gelation. 
At this time, hydrogel films can be formed in the combustion surface to covering and cooling so that extinguishing a fire 
[10]. According to the published research results, LCST of the thermosensitive hydrogels could be control between 30 and 
90 oC by adjusting the ratio of polymerization reaction monomer, to apply for different requirements of extinguishing [11]. 
In addition, thermosensitive hydrogels of fast response is made by changing to porous structure [12]. When the premise is 
that the products had no change with LCST, thermosensitive hydrogels with porous structure increase the phase change 
response rate to incur phase change in the surface of oil, which could rapidly control the fire. According to preliminary 
results, thermosensitive hydrogels is able to treat A and B types fire, and has the advantage of rapid extinguishing, small 
amount, higher extinguishing effect than water or normal gel extinguishing agent, as an advance material[13,14].  
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The thermal properties of polymer are critical concern for thermal stability. If the thermal stability of polymer is higher, 
the flame retardant effect is grater. In this study, thermogravimetry (TG) is used to evaluate the thermal stability for 
three types of thermosensitive hydrogels, P(N-isopropylacrylamide) (PNIPA), P(N-isopropylacrylamide-co-sodium 
acrylate) with linear structure(P(NIPA-co-SA)_L), and P(N-isopropylacrylamide-co-sodium acrylate) with porous 
structure(P(NIPA-co-SA)_P). In addition, the apparent activation energy (Ek) is calculate by thermal decomposition 
parameters from TG test under non-isothermal conditions. The results could be applied to assess the thermal stability with 
high temperature for thermosensitive hydrogels, as the theories and database for preventing and controlling the fire. 
2. Experimental Section 
2.1 Materials and Synthesis 
Method of preparation P(NIPA-co-SA)_L by a free radical polymerization can be described as following: The 
polymerisation was carried out in a four-necked round bottom flask equipped with a mechanical stirrer, nitrogen feed, 
dropping funnel and thermometer. The monomer N-isopropylacrylamide (NIPA, ecrystallized twice from benzene-hexane, 
analytical grade) was fully dissolved in water to prepare 10 wt% of aqueous solution at room temperature (20 °C). Sodium 
acrylate (SA) solution was prepared by adding NaHCO3 and NaOH into acrylic acid (AAc) to adjust the PH value of 
solution to 7.0 at 5 °C. A SURSHUamount of NIPA solution and resulting SA solution (monomer ratio is n (NIPA): n (SA) 
=4.75:1) was added into the four-necked round bottom flask bubbled with nitrogen for 30 min to remove the oxygen at 5 °C. 
Then a given amount of ammonium persulfate (APS, analytical grade) and N,N,N’,N’-tetramethyl ethylenediamine 
(TEMED, analytical grade, 1 wt % based on monomer) used as a pair of redox initiator were dropped into the solution to 
initiate the polymerization reaction. The polymerization temperature and duration were 17 hours and 25°C.  
Method of preparation PNIPA and P(NIPA-co-SA)_P were as similar as P(NIPA-co-SA)_L, the experimental sample 
was synthesized in lab, and the synthesized conditions showed in Table 1. 
Table 1. Synthesized conditions for samples in lab 
Sample n(SA) :n(NIPA) 
m(10%PNIPA) 
/g 
V(36.81%SA) 
/mL 
NaCl  
mol/L 
V(APS) 
/g 
V(TEMED) 
/mL 
PNIPA 0:1 36 0 0 0.02 0.02 
P(NIPA-co-SA)_L 4.75:1 36.02 1.71 0 0.02 0.02 
P(NIPA-co-SA)_P 4.75:1 36.02 1.71 0.5 0.02 0.02 
2.2 Thermo-gravimetric analysis Methods 
Thermogravimetry (TG) and thermal degradation were analyzed by using METTLER thermogravimetric analyzer.  
Samples of 4 mg are heating at 20 °Cgmin-1 from 25 oC to 600 °C in air and nitrogen atmosphere by thermogravimetric 
analyzer. The flow velocities of air and nitrogen are all about 40 mlgmin-1. 
3 Results and Discussion
3.1 TG test 
Figures 1–3 shows the TG and DTG curves for three types of thermosensitive hydrogels, respectively, in N2 atmosphere 
at heating rate of 20 oC/min. The PNIPA had no thermal decomposition before 280 oC. The thermal decomposition occurred 
from 280 to 440 oC., and there was a maximum mass loss rate of 1.77 %/min presented in 331 oC. The value of mass loss is 
88.72%. This is because the molecular band of polymer was broken to release the volatile substances. In addition, P(NIPA-
co-SA)_L structure and P(NIPA-co-SA)_P both had two mass loss stage. The range of first mass loss stage was from 300 to 
385 oC. The value of maximum mass loss rate is 0.58% min–1 presented in 342.70 oC that the temperature is similar with 
the results of PNIPA. The value of mass loss was 37.20% which is less than the results of PNIPA. For the same reason, this 
stage was the molecular band broken. The second mass loss stage happened from 375 to 450 oC. The value of maximum 
mass loss rate is 0.58 %/min presented in 342.70 oC. The value of mass loss is 48.4%. This is because the sodium acrylate of 
co-polymer was degraded to dehydrate, forming the sodium polyacrylate, as well as which the sodium polyacrylate further 
was decomposed to decrease the mass. According to above-results, when PNIPA added in the sodium acrylate to form 
P(NIPA-co-SA), it caused a decrease in the mass loss rate and presented in second thermal stage, indicating the thermal 
stability of P(NIPA-co-SA) was higher than PNIPA. In addition, the P(NIPA-co-SA)_P by adding the reaction medium of 
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NaCl had similar maximum mass loss rate and corresponding decomposition temperature. Because the thermal 
decomposition temperature is related to molecular band, the molecular band of P(NIPA-co-SA)_P was same as the P(NIPA-
co-SA)_L. Moreover, the 1% mass loss of three types of hydrogels corresponding to their temperature is PNIPA ˘
P(NIPA-co-SA)_L˘ P(NIPA-co-SA)_P. The residual value at 400 oC is also PNIPA ˘ P(NIPA-co-SA)_L ˘ P(NIPA-
co-SA)_P, indicating that the co-polymer of SA and NIPA had an great increase in residual value at 400 oC in N2 
atmosphere compared to homopolymer. The maximum mass loss rate of the first stage of the P(NIPA-co-SA) by using TG 
test was lower than PNIPA, and the temperature of maximum mass loss rate of  P(NIPA-co-SA) was higher than PNIPA. 
Therefore, P(NIPA-co-SA) had an excellent thermal stability. TG and DTG results for three types of hydrogels are showed 
in Table 2.  
 
Fig. 1. TG and DTG curves for PNIPA 
 
Fig. 2. TG and DTG curves for P(NIPA-co-SA) _L               Fig. 3. TG and DTG curves for P(NIPA-co-SA)_P  
            Table 2. TG and DTG results for three types of thermosensitive hydrogel 
Sample T1%/ć Residual value at 400ć/% 
Last residual 
value /% 
Maximum mass 
loss rate/%·ć-1 piT /ć 
PNIPA 317.333 45.474 10.288 1.775 331.00 
P(NIPA-co-SA)_L 336.333 62.827 11.248 0.582, 1.773 341.67, 411.83 
P(NIPA-co-SA)_P 340.333 65.294 10.632 0.538, 1.888 344.00, 421.33 
Note˖T1%—Temperature of 1% mass loss 
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3.2 Thermal degradation kinetic analysis 
3.2.1 Kissinger method 
 (a) (b)  
Fig. 4. (a) TG and (b) DTG curves for PNIPA at four heating rates of 10, 20, 30, and 40 oC /min 
 (a)   (b)  
Fig. 5. (a) TG and (b) DTG curves for P(NIPA-co-SA)_L at four heating rates of 10, 20, 30, and 40 oC/ min 
(a) (b)  
Fig. 6. (a) TG and (b) DTG curves for P(NIPA-co-SA)_P at four heating rates of 10, 20, 30, and 40 oC/min 
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Table 3. Related parameters of P(NIPA-co-SA) in N2 atmosphere 
Sample 
Heating 
rate/oC/min 
Residual 
value at 400 
oC/% 
Residual value 
at 600 oC/% 
Mass 
loss stage 
Internal of mass loss 
Maximum mass 
loss rate/%/min 
Tpi 
/oC 
PNIPA 
10 37.299 7.988 Step1 288.850~384.848 1.947 323.83 
20 45.474 10.288 Step1 295.180~392.514 1.775 331.00 
30 48.853 12.165 Step1 304.623~420.598 1.650 337.00 
40 48.111 11.325 Step1 306.255~438.695 1.846 340.33 
P(NIPA-co-SA)_L 
10 54.702 11.582 
Step1 292.833~365.000 0.626 327.83 
Step2 365.000~445.765 1.804 411.83 
20 62.827 11.248 
Step1 306.064~374.333 0.582 341.67 
Step2 374.333~446.935 1.773 421.00 
30 68.024 12.309 
Step1 311.150~382.000 0.546 351.00 
Step2 382.000~459.363 1.754 425.00 
40 67.914 11.667 
Step1 316.861~382.333 0.617 350.33 
Step2 382.333~461.538 1.706 427.67 
P(NIPA-co-SA)_P 
10 53.203 13.209 
Step1 292.385~366.000 0.570 328.33 
Step2 366.000~437.063 1.768 412.67 
20 65.294 10.632 
Step1 310.877~381.333 0.538 344.00 
Step2 381.333~445.221 1.888 421.33 
30 69.727 13.107 
Step1 314.413~385.000 0.531 356.50 
Step2 385.000~454.196 1.811 429.00 
40 71.292 13.879 
Step1 316.330~389.000 0.506 356.67 
Step2 389.000~464.330 1.713 431.00 
Table 4. Basic kinetic parameters for calculation of Kissinger method 
Sample Mass loss stage Heating rateoC/min Tmax/oC 1000/Tmax )ln( 2maxTE  
PNIPA Step1 
10 323.83 1.68 -10.48 
20 331.00 1.66 -9.81 
30 337.00 1.64 -9.43 
40 340.33 1.63 -9.15 
P(NIPA-co-SA)_L 
Step1 
10 327.83 1.66 -10.50 
20 341.67 1.63 -9.85 
30 351.00 1.60 -9.47 
40 350.33 1.60 -9.18 
Step2 
10 411.88 1.46 -10.76 
20 421.00 1.44 -10.09 
30 425.00 1.43 -9.70 
40 427.67 1.43 -9.42 
P(NIPA-co-SA)_P 
Step1 
10 323.83 1.68 -10.48 
20 344.00 1.62 -9.86 
30 356.50 1.59 -9.49 
40 356.67 1.59 -9.20 
Step2 
10 412.67 1.46 -10.76 
20 421.33 1.44 -10.09 
30 429.00 1.42 -9.71 
40 431.00 1.42 -9.43 
Figure 4 to 6 displays the TG and DTG curves for PNIPA, the P(NIPA-co-SA)_L and P(NIPA-co-SA)_P, respectively, at 
four heating rate of 10, 20, 30, and 40 oC/min. In figure 4, the performance of PNIPA at heating rate of 10oC/min was 
different from other heating rates. In addition, the residual values of PNIPA at heating rate of 10 oC/min were 15.3 and 10.1 
at 400 and 600 oC, respectively, which is also different from the value of other heating rates between 18.5 and 27.3%.  
Therefore, the change of heating rate could significantly affect the residual of PNIPA. This is because PNIPA had a carbon 
layer with a bad quality, which is unable to form an incomplete covering surface, causing the undecomposed matrix directly 
carried out heat change with environment, so that the influence of residual value is obvious with environmental change. In 
figures 5 and 6, the P(NIPA-co-SA)_L and the P(NIPA-co-SA) _L both had high residual value between 53.2 and 71.3% at 
400 oC. At 600 oC, an increase in the heating rates caused a decrease in the change of residual value. Therefore, P(NIPA-co-
SA) had high thermal stability compared to PNIPA because the matrix is unable to be completely decomposed at 400 oC. In 
addition, P(NIPA-co-SA) had a carbon layer with an excellent quality, which could form a complete covering surface, 
decreasing the sensitivity for the undecomposed matrix with change of heating rate. Moreover, the P(NIPA-co-SA)_P is 
easily affected by heating rate, because the porous structure led to a decrease in the quality of carbon layer for forming the 
matrix. This results also could demonstrated that P(NIPA-co-SA) prepared by adding NaCl had obvious porous structure.  
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Based on the required parameters listed in Table 4 for kinetic calculation by Kissinger method, a plot of ln(β/TP2) verses 
1000/TP2 could obtain the apparent activation energy (Ek) and frequency factor (A) by linear slope and intercept, respectively. 
 
(a) PNIPA 
 
(b) First mass loss stage of P(NIPA-co-SA)_L                 (c) Second mass loss stage of P(NIPA-co-SA)_L 
 
(d) First mass loss stage of P(NIPA-co-SA) _P                  (e) Second mass loss stage of P(NIPA-co-SA) _P 
Fig. 7. Calculation results for three type of thermosensitive hydrogel by using Kissinger method 
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Table 5. Thermokinetic parameters for three types of thermosensitive hydrogel 
Sample Mass loss stage k d kE /KJ·mol-1 kA /min
-1
 R2 
0# Step1 29.060 38.226 241.601 1.164E+18 0.992 
12# 
Step1 19.131 21.323 159.131 3.485E+10 0.913 
Step2 40.206 47.904 334.274 2.563E+22 0.987 
NaCl-5 
Step1 13.091 11.422 108.834 1.195 E+6 0.926 
Step2 33.204 37.672 276.059 7.6233E+17 0.979 
 
There are two decomposition stage presented in P(NIPA-co-SA). The Ek value of first stage was from 159.13 and 108.83 
kJ/mol, indicating a lower value than the second stage which was from 334.27 to 276.06 kJ/mol. Therefore, in N2 
atmosphere, the thermal stability of P(NIPA-co-SA) in first stage is lower with temperature rise, causing the matrix easily to 
decompose. In second stage, the residual substance need more energy to decompose, increasing the thermal stability. The 
kinetic parameters calculation by using Kissinger method is listed in Table 5.  
3.2.2 Flynn-Wall-Ozawa (FWO) method 
Figure 8 shows the curve fittings for three types of by using FWO method. When α is between 0.1 and 0.7, an increase in 
α corresponded with a decrease in Ek. This is because the polymer is decomposed to form carbon layer that hinder the heat 
transfer. In same α range, the Ek of PNIPA is from 150.61 to 192.15 KJ/mol. The two types of P(NIPA-co-SA) had higher 
Ek than PNIPA and the values are from 173.74 to 285.47 kJ/mol and from 134.15 to 231.69 kJ/mol, respectively. P(NIPA-
co-SA) had complex interaction after thermal decomposition, leading to the thermal decomposition difficult to process.   
 
(a) PNIPA                                    (b) P(NIPA-co-SA) _L                    (c) P(NIPA-co-SA) _P 
Fig. 8. Fitting curves for three types of thermosensitive hydrogel by using FWO methods 
Table 6. FWO calculation results for PNIPA 
Conversion rate/α Heating rate with its corresponding temperature/
oC 
Fitting equation E/kJ/mol r 
10 20 30 40 
0.1 578.035 590.483 599.650 602.150 lnβ= -8.273/T + 15.311 150.606 0.9831 
0.2 583.817 597.150 605.650 608.150 lnβ= -8.386/T + 15.356 152.663 0.9815 
0.3 590.150 601.150 609.650 612.150 lnβ=-9.443/T +17.001 171.905 0.9853 
0.4 594.483 604.483 613.150 615.483 lnβ=-9.958/T+ 17.755 181.281 0.9819 
0.5 598.317 608.150 617.150 619.483 lnβ=-9.974/T+ 17.679 181.572 0.9796 
0.6 603.317 612.483 621.650 623.483 lnβ=-10.474/T+ 18.372 190.674 0.9706 
0.7 610.650 619.150 629.150 630.817 lnβ=-10.555/T+18.305 192.149 0.9575 
0.8 623.406 632.150 645.150 645.483 lnβ=-9.525/T+ 16.312 173.398 0.9158 
0.9 655.737 667.817 680.150 681.483 lnβ=-9.547/T +15.571 173.799 0.9582 
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Table 7. FWO calculation results for P(NIPA-co-SA)_L 
Conversion rate 
/α 
Heating rate with its corresponding temperature/oC 
Fitting equation E/kJ/mol r 
10 20 30 40 
0.1 598.983 609.483 619.150 620.817 lnβ= -9.544/T + 16.940 173.744 0.9705 
0.2 614.317 625.150 635.650 636.150 lnβ= -9.721/T + 16.832 176.966 0.9497 
0.3 638.150 647.817 659.650 658.150 lnβ= -10.578/T +17.599 192.567 0.8932 
0.4 661.317 670.817 678.150 679.483 lnβ= -13.946/T + 22.087 253.880 0.9735 
0.5 671.650 681.15 687.650 689.483 lnβ= -14.913/T + 23.198 271.484 0.9831 
0.6 678.150 687.817 693.650 695.483 lnβ= -15.681/T + 24.114 285.465 0.9820 
0.7 683.317 692.817 699.150 700.817 lnβ= -15.664/T + 23.917 285.156 0.9805 
0.8 688.317 698.15 704.150 707.483 lnβ= -15.092/T + 22.922 274.743 0.9977 
0.9 693.483 703.817 710.150 712.817 lnβ= -14.960/T +22.566 272.340 0.9913 
Table 8. FWO calculation results for P(NIPA-co-SA)_P 
Conversion 
rate/α 
Heating rate with its corresponding 
temperature/oC 
Fitting equation E/kJ/mol r 
10 20 30 40 
0.1 596.983 613.483 623.150 626.150 lnβ=-7.369/T + 13.332 134.149 0.9789 
0.2 613.483 630.817 640.150 642.817 lnβ= -7.679/T + 13.503 139.797 0.9709 
0.3 635.817 655.483 663.150 666.150 lnβ= -7.957/T +13.495 144.853 0.9528 
0.4 658.817 674.817 680.650 684.150 lnβ= -10.356/T + 16.699 188.526 0.9654 
0.5 669.983 684.150 689.650 693.483 lnβ= -11.677/T + 18.412 212.574 0.9784 
0.6 676.983 690.150 696.150 699.483 lnβ= -12.375/T + 19.264 225.281 0.9834 
0.7 682.317 695.150 701.150 704.817 lnβ= -12.658/T + 19.537 230.433 0.9885 
0.8 687.317 699.817 706.150 710.150 lnβ= -12.727/T + 19.508 231.689 0.9940 
0.9 692.317 705.483 711.650 716.150 lnβ= -12.453/T + 18.977 226.701 0.9935 
 
The average Ek was calculated for the FWO results of three types of hydrogel. The average Ek of P(NIPA-co-SA)_L was 
246.67 kJ/mol and the average Ek of P(NIPA-co-SA)_P was 192.67 kJ/mol, corresponding to the Kissinger results. This 
results increase the reliability for thermal decomposition mechanism of the P(NIPA-co-SA). However, the average Ek of 
PNIPA was 174.23 kJ/mol by using FWO, which is different from the Kissinger method. FWO method considers with the 
full thermal decomposition process and does not take into the reaction kinetic (f(α)) and single or muti reaction process, 
which could avoid the error from the uncorrected f(α). Therefore, the reliability of FWO method is better than Kissinger 
method for this study. According to the results, the P(NIPA-co-SA)_L had highest Ek value which is more than the value of 
PNIPA 41.58%, indicating that P(NIPA-co-SA)_L had excellent thermal stability, difficult decomposition,  and high flame 
retardant effects. In addition, the Ek value of P(NIPA-co-SA)_P is more than PNIPA 10.46%. There is an increase in 
thermal stability. However, porous structure is easily broken and the surface carbon layer is not dense, which is unable to 
prevent the heat transfer with external, causing a decrease in the thermal stability. 
4 Conclusion 
In N2 atmosphere, PNIPA had a mass loss between 280 to 440 oC, and the maximum mass loss rate presented in 331 oC. 
Mass loss is 88.72%. Two types of P(NIPA-co-SA) had same maximum mass loss rate and corresponding temperature, and 
both had two thermal decomposition stages. The first stage is from 300 to 385 oC The temperature of maximum mass loss 
rate presented in 342 oC and the mass loss is 35%. The second stage is from 370 to 450oC. The temperature of maximum 
mass loss rate presented in 421 oC and the mass loss is 88%. Therefore, the thermal stability of P(NIPA-co-SA)  is higher 
than PNINA. 
According to the FWO results, P(NIPA-co-SA)_L > P(NIPA-co-SA)_P > PNINA. The Ek of two types of P(NIPA-co-SA) 
is higher than PNIPA. P(NIPA-co-SA)_L is more than 41.58 and P(NIPA-co-SA)_P is more than 10.46%. This 
demonstrated that the co-polymer had high thermal stability, difficult temperature, and excellent flame retardant effects. 
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